The cumulative effect of repetitive subconcussive collisions on the structural and functional integrity of the brain remains largely unknown. Athletes in collision sports, like football, experience a large number of impacts across a single season of play. The majority of these impacts, however, are generally overlooked, and their long-term consequences remain poorly understood. This study sought to examine the effects of repetitive collisions across a single competitive season in NCAA Football Bowl Subdivision athletes using advanced neuroimaging approaches. Players were evaluated before and after the season using multiple MRI sequences, including T 1weighted imaging, diffusion tensor imaging (DTI), arterial spin labeling (ASL), resting-state functional MRI (rs-fMRI), and susceptibility weighted imaging (SWI). While no significant differences were found between pre-and post-season for DTI metrics or cortical volumes, seed-based analysis of rs-fMRI revealed significant (p < 0.05) changes in functional connections to right isthmus of the cingulate cortex (ICC), left ICC, and left hippocampus. ASL data revealed significant (p < 0.05) increases in global cerebral blood flow (CBF), with a specific regional increase in right postcentral gyrus. SWI data revealed that 44% of the players exhibited outlier rates (p < 0.05) of regional decreases in SWI signal. Of key interest, athletes in whom changes in rs-fMRI, CBF and SWI were observed were more likely to have experienced high G impacts on a daily basis. These findings are indicative of potential pathophysiological changes in brain integrity arising from only a single season of participation in the NCAA Football Bowl Subdivision, even in the absence of clinical symptoms or a diagnosis of concussion. Whether these changes reflect compensatory adaptation to cumulative head impacts or more lasting alteration of brain integrity remains to be further explored.
Introduction
There has been a growing concern over sports-related brain injuries and possible long-term consequences; however, there has been less of a focus on the cumulative effects of repetitive subconcussive impacts. Subconcussive impacts are defined as events similar to those giving rise to a concussion, or mild traumatic brain injury (mTBI), but apparently involving insufficient impact forces or accelerations to produce symptoms associated with mTBI (Shuttleworth-Edwards et al., 2008) . Many contact sports, including American football, soccer, rugby, boxing, wrestling, and lacrosse, result in rather high numbers of repetitive head impacts throughout a season and career, with football having been observed to lead possibly to thousands of subconcussive impacts for a single player over the course of one season (Merchant-Borna et al., 2016; Talavage et al., 2014) . The cumulative effects of multiple mild TBI incidents or accumulation of subconcussive impacts remain understudied and poorly understood. Many studies have demonstrated that multiple TBI events lead to greater functional impairments than are associated with only a single TBI (Longhi et al., 2005; Prins et al., 2013) , suggesting that longer-term structural changes occur, possibly with each such incident (Giza and Kutcher, 2014) . Further, there appear to be various long-term cognitive, motor, and psychiatric deficits associated with repeated injuries Riemann and Guskiewicz, 2000) and likely with greater cumulative exposure to subconcussive impacts (Bailes et al., 2013; Montenigro et al., 2016) . Animal and human research have demonstrated that repetitive impacts can cause pathophysiological changes in the brain and central nervous system without the presence of acute behavioral changes (Bauer et al., 2001; Talavage et al., 2014) . However, since subconcussive impacts typically go undiagnosed or unmanaged (Baugh et al., 2012; McKee et al., 2009) , the means by which accumulation of impacts over the course of a season (or career) can lead to altered neurobiology later in life remains inferred (Broglio et al., 2012) . Nonetheless, many recent case studies have demonstrated gross and microscopic pathology changes that are best attributed to repeated mTBI and exposure to subconcussive impacts (McKee et al., 2009; Omalu et al., 2005) .
Within American football, studies have shown that specific positions may have a differential risk of concussion and exposure to subconcussive impacts, and, therefore, neurodegenerative diseases (Lehman, 2013) . It is thought that "speed" players (quarterback, running back, wide receiver, defensive back, safety, linebacker, etc.) and "non-speed" players (offensive and defensive line) are at differing risks, due to the nature of their positions. "Speed" players often build up momentum prior to tackling or being tackled, whereas "non-speed" players typically engage in hits immediately after the ball is snapped (Broglio et al., 2012; Pellman et al., 2004) . However, there is still great debate regarding whether greater risk of mTBI exists for players exposed to the higher-magnitude impacts (i.e., speed players) or those exposed to the repetitive immediate head impacts (i.e., non-speed players). Of interest here, several studies have shown that linemen receive more cumulative impacts (especially at the front of the head) and develop more postimpact symptoms than other positions (Baugh et al., 2015; Crisco et al., 2010) .
Several previous studies have found a linkage between the degree (quantified by number or average magnitude) of exposure to repetitive subconcussive impacts and the degree of pathophysiological change in the brains of collision-sport athletes. These changes have been observed in asymptomatic athletes through evaluation of measures derived from: cognitive testing (Breedlove et al., 2012; Talavage et al., 2014; Breedlove et al., 2014; Nauman et al., 2015) ; task-driven and restingstate brain behavior (Abbas et al., 2015c; Breedlove et al., 2012; Talavage et al., 2014; Robinson et al., 2015) ; neurovascular coupling Svaldi et al., 2016) ; white matter health (Davenport et al., 2014; Mayer et al., 2015; Obler et al., 2010; Chun et al., 2015) ; and gray matter (Bazarian et al., 2014; Mayer et al., 2015) volume, including hippocampal-specific assessment (Singh et al., 2014) . Additionally, the biochemistry of athletes has been observed to vary over the course of exposure to repetitive impacts Poole et al., 2015) . Further, the differential response to impacts appears to be markedly dependent on previous concussive history (Johnson et al., 2014) .
In this multimodal MRI study, the cumulative effects of subconcussive impacts were examined on NCAA Football Bowl Subdivision players over the course of a single intervarsity athletic season. Athletes were evaluated using MRI measures before (pre-) and immediately after (post-) their competition season, and monitored during the majority of activities using helmet-based accelerometers (BodiTrak) to quantify impact exposure. The explicit MRI sequences included T 1weighted imaging, diffusion tensor imaging (DTI), arterial spin labeling (ASL), resting-state functional MRI (rs-fMRI), and susceptibility weighted imaging (SWI). We predicted that greater accumulation of high intensity impacts would jeopardize functional/structural and vascular integrity of the brain, as assessed in the manner we have previously documented in clinically asymptomatic athletes Talavage et al., 2016; Zhu et al., 2015) . Based on prior reports, we also predicted that offensive and defensive linemen would have the greatest number of cumulative impacts (at any threshold level), and that this group would be most likely to evidence neural changes, as observed via MRI. Our specific hypotheses were that a differential sensitivity related to accelerometer measures would be observed for the MRI modalities likely to be associated with cumulative subconcussive exposure over the entire athletic season. Specifically, we expected ASL and SWI abnormalities would be related to rs-fMRI measures and accelerometer measures in clinically asymptomatic athletes studied before and after the football season.
Methods

Subjects
Twenty-three (23) male collegiate student football athletes participated in this study. Twenty (20) players completed both MRI scans: within one week before the athletic season began (before any contact practices began during preseason and the regular season) and within one week after the last game of the season (post-season). All subjects provided informed consent, as approved by the Penn State University Institutional Review Board. Image quality assurance measures resulted in exclusion of data from two subjects, resulting in a pool of 18 subjects (21.6 ± 1.28 years old) for subsequent analyses. Our MRI analyses relied on accurate segmentation of 3D MPRAGE volumetric images based on FreeSurfer (Fischl et al., 2002) . One subject failed on segmentation due to severe motion artifacts. The other failed on segmentation due to inappropriate image acquisition. Of these 18 subjects, previous concussion history includes no (n = 10), one (n = 6), or two (n = 2) prior diagnosed injuries. However, none of the athletes were recovering from, or were diagnosed with, a concussion during the period of study, or in the nine months prior to the preseason evaluation.
Impact history assessment
Impacts to the head for all 23 participating athletes were monitored using the BodiTrak system from HeadHealth Network. These helmetbased sensors comprise elastic fabric with pressure monitors and impact sensors, and provide estimates of both linear acceleration (in units of G) and location of incident impact. The sensors were to be fitted and placed into the athlete's helmet during practices (53 possible sessions; see Table 1 ), but were not worn during games. Sensor data were collected and, over the course of the season, counts of accumulated (practice) events were assessed using thresholds of ≥ 25G and ≥ 80G, attempting to quantify the majority, if not all, impacts that are likely to be relevant to brain health (McCuen et al., 2015) , as well as the count of hits traditionally expected to be associated with concussion (Broglio et al., 2010) .
MRI acquisition
MRI data were collected on a Siemens 3T Prisma MR scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. Images were obtained for each subject prior to participation (Pre) and after the football season had ended (Post) using the following acquisitions: (1) high-resolution 3D T 1 -weighted; (2) a resting-state functional MRI (rs-fMRI) acquisition; (3) 3D pulsed arterial spin labeling (ASL); (4) diffusion-weighed images from which diffusion tensors could be computed (DTI); and (5) susceptibility-weighted imaging (SWI).
For structural and volumetric analysis, 176 T 1 -weighted 1-mm 3 isotropic volumetric images (3 min 31 s), with cerebrospinal fluid (CSF) suppressed, were obtained to cover the whole brain with a 3D magnetization prepared rapid acquisition gradient recalled echo (3D MPRAGE) sequence with the following parameters: TE = 1.77 ms, time of inversion (TI) = 850 ms, TR = 1700 ms, flip angle = 9°, matrix size = 320 × 260 × 176, voxel size = 1 mm × 1 mm × 1 mm, receiver bandwidth = 300 Hz/pixel, and parallel acceleration factor = 2.
To study resting-state brain function, a 10-min echo-planar imaging dataset with whole-brain coverage was acquired with the following parameters: 72 contiguous 2-mm axial slices in an interleaved order, time of echo (TE) = 35.8 ms, time of repetition (TR) = 2000 ms, flip angle = 90°, voxel resolution = 2 mm × 2 mm × 2 mm, matrix size = 104 × 104, 300 total volumes acquired. Note that this dataset was acquired while the subject was asked to relax with eyes closed, while remaining awake. Prior to analysis (see below), the first four data points were discarded.
Regional cerebral blood flow data were acquired using 3D ASL with the following parameters (6 min 2 s): 40 axial slices, TE = 15.62 ms, TR = 4600 ms, voxel resolution = 1.5 mm × 1.5 mm × 3 mm, field of view = 192 mm × 192 mm, bolus duration = 700 ms, perfusion mode set at PICORE Q2TIPS, parallel acceleration factor = 2.
Diffusion tensor data were computed from diffusion-weighted images acquired with a spin-echo echo-planar imaging (EPI) sequence (11 min 28 s) with the following parameters: 72 contiguous 2-mm axial slices in an interleaved order, matrix size = 110 × 110, voxel size = 2 mm × 2 mm × 2 mm, TE = 94 ms, TR = 9.8 s, 30 diffusionweighted volumes (one per gradient direction) with b = 1000 s/mm 2 , 30 diffusion-weighted volumes with b = 2000 s/mm 2 , seven volumes with b = 0 and parallel imaging acceleration factor = 2. Only the 30 diffusion-weighted volumes with b = 1000 s/mm 2 , and the volume with b = 0 that was acquired with these diffusion-weighted volumes were selected to calculate the diffusion metrics.
SWI images were acquired with 3D gradient echo sequence with following parameters (6 min): TE1 = 10.65 ms, TE2 = 19.18 ms, TE3 = 27.71 ms, TR = 36 ms, flip angle = 20°, matrix size = 320 × 320 × 96, voxel size = 0.8 mm × 0.8 mm × 1.6 mm, receiver bandwidth = 1336 Hz/pixel, parallel acceleration factor = 2, saving both magnitude and phase images.
Cortical and subcortical volumetric analyses
All cortical and subcortical volumes were extracted from the T 1weighted images via the FreeSurfer standard processing pipeline (Fischl et al., 2002) . The quality of paracellation results for each subject was confirmed by visual inspection with the original T 1 images. Two-tail paired t-tests were applied to assess all regional cortical and subcortical volume differences between Pre and Post measurements. We specifically focused on right and left hippocampal volumes, in which prior studies have observed changes associated with mild traumatic brain injury (Zagorchev et al., 2016) .
2.5.
Resting-state fMRI analysis 2.5.1. Individual subject pre-processing
The "afni_proc.py" routine in AFNI software (Cox, 1996) was used to generate the scripts to preprocess the rs-fMRI data. For each subject, any signal spikes in the signal intensity time courses were first detected and removed. Data points with excess motion were identified (normalized motion derivative > 0.5 or voxel outliers > 10%) and modeled in analysis. The acquisition timing difference was then corrected across slice locations. The functional images were then aligned to T 1 -weighted high-resolution volumetric images. With the third functional image as the reference, rigid-body motion correction was applied in three translational and three rotational directions. Note that the measures of motion and the motion derivatives were estimated, and these estimations were later modeled in data analysis. For each subject, spatial blurring with a full width half maximum of 4 mm was used to reduce random noise, and also to reduce effects of both inter-subject anatomical and Talairach transformation variation during group analysis.
At each voxel the "3dDeconvolve" routine in AFNI (Cox, 1996) was used to identify and remove contributions due to motion (reference signals described above), baseline fluctuations, and system-induced signal trends (up to 4th order) from the time-series at each voxel. The mean signal time courses in the CSF and the white matter were also modeled and removed with the "3dDeconvolve" routine. Finally, a band-pass filter with a range of 0.009 Hz-0.08 Hz was applied.
The pre-processed time courses obtained above at all brain voxels were then assessed in subsequent correlation analyses.
Subject-level rs-fMRI network analyses
For each subject, the cortical nodes of the 17 networks derived by (Yeo et al., 2011) from rs-fMRI datasets in 1000 healthy young adults, were identified in the native space using FreeSurfer (Fischl et al., 2002) . Correlation analyses of rs-fMRI time courses between the nodes of each network were performed using AFNI (Cox, 1996) . The mean correlation was calculated for all node-pairs in each network. We were specifically interested in the default-mode network (DMN) A, which is a subnetwork of the DMN as identified by (Yeo et al., 2011) . This DMN subnetwork includes nodes at right and left posterior cingulate cortices (PCC), right and left dorsal prefrontal cortices (PFCd), right and left medial prefrontal cortices (PFCm), right and left inferior parietal lobules (IPL), and right temporal gyrus. The functional connectivity to the PCC within the DMN has previously been observed to change subsequent to concussion Zhu et al., 2015) . The correlation analysis between the functional connectivity of the DMN A network and the impact history will be explored, as detailed later.
For group statistical analyses, the correlation coefficients were converted to Z values through Fisher's Z-transformation. Two-tail paired t-tests on were then performed, comparing Pre and Post measurements, to assess whether there was a significant change in the connectivity of each network. Table 1 Accelerometer monitoring totals for football athletes (including position information) participating in this study. Players who missed a portion of the season due to injury are indicated by an asterisk (*). Players whose season ended prematurely due to injury are indicated by a double asterisk (**). Players whose scans were omitted from analysis due to incomplete or artifact-contaminated imaging data are indicated by italics. 2.5.3. Group-level rs-fMRI seed-based whole-brain analysis The "3dfim+" routine in AFNI (Cox, 1996) was used to correlate the time course in every voxel of the brain against the space-averaged time course from several seed regions. Seed regions were selected based on recent work documenting alterations following concussion in functional connectivity relative to the right and left isthmi of cingulate cortex (ICC), and the right and left hippocampi Zhu et al., 2015) . First, correlation coefficients were converted to Z values through Fisher's Z-transformation to improve the normality of the distribution. These Z values were then warped to the Talairach standard space for inter-subject analysis. Comparison analyses between two sessions were performed on the transformed correlations with the seed regions.
For between-session analysis, an ANOVA was performed on the Z values using a mixed-effect two-factor model. The first factor was session, modeled as a fixed effect. The second factor was subject, was modeled as a random effect. Cluster significance was determined on the ANOVA, described above, corrected for multiple comparisons using Monte Carlo simulation. First, the spatial smoothness of the image data was estimated using "3dFWHMx" in AFNI (Cox, 1996) . A cluster analysis was then used to estimate the overall statistical significance with respect to the whole brain (e.g., Ward, 2000) . Based on the simulations, a cluster's connectivity was considered significant only if it was within an 832 mm 3 cluster in which the voxels were contiguous and each had a voxel-based correlation with the seed corresponding to an uncorrected p ≤ 0.005-achieving an effective p Corrected < 0.0478.
Cerebral blood flow (CBF) measurements
The CBF map derived from the ASL acquisition for each subject was aligned to the T 1 -weighted high-resolution volumetric images, based on the 12-parameter affine transformation in AFNI (Cox, 1996) . The mean CBF value was extracted from each of the 70 cortical regions based on FreeSurfer segmentation (Fischl et al., 2002) . The mean cortical CBF, aggregated across the 70 cortical regions, was also calculated. Two-tail paired t-tests contrasting Pre and Post measurements were applied to the mean cortical CBF and each of the 70 cortical regions. For the region-based analysis, a Bonferroni correction was applied, leading to a significance threshold of p ≤ 0.05/70 = 0.00071 (for a corrected p ≤ 0.05).
Neuronal fiber integrity evaluation with tract-based spatial statistics (TBSS) on DTI metrics
White matter integrity was assessed using Tract-Based Spatial Statistics (TBSS) in FSL (Smith et al., 2004) . All FA images were aligned to the ICBM-DTI-81 white-matter atlas developed by Mori et al. (2008) . The FA skeleton mask was created with a threshold of > 0.2 on the FA skeleton. This FA skeleton mask was divided to 48 anatomical regions based on the ICBM-DTI-81 white-matter atlas. From the resultant data, computed measures included fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD).
Two-tail paired t-tests comparing Pre and Post measures of FA, MD, RD, and AD were applied to the overall skeleton and the 48 regions. For the regional analyses, a relatively liberal Bonferroni correction was applied with the diffusion metrics treated separately, leading to a significance threshold of p ≤ 0.001 (for a corrected p ≤ 0.05). A more stringent threshold of p ≤ 0.00026 would be necessary to detect overall significant change of diffusion.
Exploratory vascular integrity analysis using SWI
SWI data were examined for changes between Pre and Post measurements that might indicate development of leaks or damage to the brain vasculature as a consequence of a season's accumulation of exposure to head impacts. Acquired images underwent a standardized pre-processing pipeline, including head motion correction, brain extraction, noise reduction, Gibbs ringing artifact compensation, and MR field inhomogeneity correction. Images were then aligned into a standard reference space (MNI152 template). Resulting volumes were divided into 55 disjoint regions at a gyrus level (Lancaster et al., 2000) . Within-subject intensity differences between Pre and Post (specifically Post-Pre) were computed on a voxel basis in each region, for each subject.
SWI intensity change measures were evaluated on a region level within each subject, and also at a subject level. The statistical significance of the change measure for each region in each subject was evaluated using a Wilcoxon Rank Sum test, comparing the distribution of voxel-wise intensity differences (i.e., Post-Pre) within the region for the test subject against the aggregated distribution of voxel-wise intensity differences within the same region in the remaining 17 subjects. Over the corpus of subjects, 990 comparisons were effected, so application of a Bonferroni correction required a statistical significance threshold of p < 0.00005. Having identified significantly changed regions within each subject, a subject-level analysis was conducted by comparing the number of significant regions within each subject to the expected rate of observation of regions under a Bernoulli trial model, in which each region was treated as independent, with the chance observation rate set to p < 0.05. Declaration of an individual subject as statistically significantly changed required observation of eight or more significantly changed regions, corresponding to the 99.9% confidence interval (i.e., the 95% confidence interval corrected for multiple comparisons across 18 subjects; 0.05/ 18 = 0.00277).
Relation of neuroimaging changes to impact exposure
On an exploratory basis, the hypothesis that greater impact exposure measures would be correlated with asymptomatic changes detectable using neuroimaging, two analyses were conducted for each obtained neuroimaging measure. First, the magnitude of the change in the neuroimaging measure was correlated with the impact history for the imaged players. Second, impact history metrics were contrasted across groups athletes formed as follows: (a) groups formed based on athletes whose neuroimaging measures exhibited vs. did not exhibit statistically-significant changes, or (b) when no significant changes were observed, groups formed by contrasting athletes in the upper-half of the neuroimaging measure distribution against athletes in the lower-half of the measure distribution. For both analyses, four quantities associated with an athlete's impact history were considered: (1) total exposure ≥25G, (2) total exposure ≥ 80G, (3) average perpractice-session exposure for impacts ≥ 25G, or (4) average perpractice-session exposure for impacts ≥80G. When contrasting athletes exhibiting high or low neuroimaging measure changes, the impact history measures between the two groups were assessed using an unpaired t-test, and the variance of these measures (a proxy for the distribution of impact histories) was evaluated using an f-test. Comparisons were effected on global and regional measures derived from the CBF and the functional connectivity of the DMN A network, and on the aggregate analysis of regional measures for the SWI acquisition. Note that subject 16 was omitted from these analyses, due to the limited number of practice sessions in which impacts were recorded (see Table 1 ).
A Bonferroni correction was effected by analysis type (mean or variance) for each tested impact history metric. For global analyses of either mean or variance metrics, this resulted in a significance threshold of p < 0.0125. For regional analyses, the threshold was dependent on the number of evaluated regions-e.g., 4 mean tests over 70 regions in the CBF data require an individual region significance threshold of p < 0.000179, while 4 variance tests over 48 regions in the DTI data require a threshold of p < 0.000261.
Results
Impact history findings
Accelerometer data collected from the football players (and the number of sessions for which useful data were collected) are shown in Table 1 . The raw number of hits meeting/exceeding thresholds of 25G and 80G are reported. Four players missed practice due to nonneurological injuries, with two subsequently returning to play. Based loosely of work by McCuen et al. (2015) who proposed that because moderately low G events are sufficiently common, they are unlikely to contribute to cumulative cellular injury in the brain, we based the lower threshold as 25G. Blows above 80G have historically been interpreted to be "concussive" in nature, however past evaluation of accumulations of events in high school athletes (Breedlove et al., 2012; Cummiskey, 2016) suggest that these blows are neither uncommon, nor inherently linked to diagnosis of a concussion. However, under the hypothesis that cellular injury accumulates with each blow, larger blows would be expected to contribute more (on an individual blow basis) than smaller blows, and be more likely to be associated with the crossing of an injury threshold level . As such, the use of the 80G threshold level should be selecting for the "most injurious" blows.
Rates of experience of impacts varied by position and by time within the season. On a per-practice-session basis, each player received an average of 4.35 impacts meeting or exceeding 25G, with an average of 0.15 of these impacts meeting or exceeding 80G. For players at speed positions (n = 6), these numbers were 2.93 impacts ≥ 25G and 0.14 impacts ≥ 80G per session, whereas players at non-speed (n = 17) positions averaged 4.84 impacts ≥ 25G and 0.22 impacts ≥80G per session.
Of additional interest, 78% of the impacts meeting or exceeding 80G (and 34.2% of all recorded impacts) took place during the 12 practices (22.6% of all possible sessions) taking place prior to the first game of the season.
Cortical and subcortical volume findings
No significant changes on the cortical and subcortical regional volumes were found, even at a liberal threshold of p < 0.001, taking into consideration of only partial correction of multiple comparison. For the right hippocampus, the volumes were (Pre) 4644 ± 478 mm 3 and (Post) 4715 ± 410 mm 3 , representing a non-significant increase of 1.5%. For the left hippocampus, the volumes were (Pre) 4782 ± 388 mm 3 and (Post) 4664 ± 477 mm 3 , representing a nonsignificant decrease of 2.47%.
Resting-state fMRI findings
Subject-level rs-fMRI network analysis
No significant changes were observed when contrasting Pre and Post average connectivity within each of the 17 networks. Similarly, no significant changes were observed when contrasting the Pre and Post within-network connectivity of the DMN.
Group-level rs-fMRI seed-based analysis
Findings from seed-based whole-brain functional connectivity analyses are summarized in Table 2 . Significant changes from Pre to Post in functional connectivity of clusters to seed regions were only observed for three of the four seed regions (right ICC, left ICC, left hippocampus). For right ICC, a statistically-significant change in correlation was observed with the left fusiform gyrus/middle occipital gyrus (left FG/ MOG), shifting from a weak positive correlation at the Pre measurement to an anti-correlation at Post (see Fig. 1 ). For the left ICC, the same structure (i.e., left FG/MOG) exhibited the same statistically-significant change in correlation (from weak positive correlation to anti-correlation; see Fig. 2 ). For left hippocampus, the same direction of correlation change (from weak positive correlation to anti-correlation) was observed, but now for the right parahippocampal gyurs (right PHG; see Fig. 3 ). No regions exhibited significant changes in functional correlation to the right hippocampus.
Cerebral blood flow (CBF) findings
Statistically significant increases in CBF were observed on both a global and regional basis. There was a statistically significant (p = 0.048) global increase of CBF in the cortex from Pre to Post (Fig. 4) , shifting from (Pre) 65.7 ± 9.3 ml (blood)/100 g (tissue)/min to (Post) 70.3 ± 9.0 ml (blood)/100 g (tissue)/min. A regionallyspecific significant (p Bonferroni = 0.0157) increase in CBF was observed for the right postcentral gyrus-Pre: 48.5 ± 10.1 ml (blood)/100 g (tissue)/min; Post: 57.1 ± 9.7 ml (blood)/100 g (tissue)/min.
Neuronal fiber integrity evaluation with tract-based spatial statistics (TBSS) on DTI metrics
No significant changes (all p > 0.0097 before correction) were observed when contrasting DTI metrics (FA, MD, AD and RD) at Pre and Post measurements, whether evaluated on the overall FA skeleton or the 48 anatomical regions based on the ICBM-DTI-81 white-matter atlas.
Exploratory vascular integrity findings
From the Wilcoxon Rank Sum test, 6 of the 18 football players (33%; Fig. 5 ) exhibited at the post-participation (Post) measurement, relative to the pre-participation (Pre) measurement, outlier (p Bonferroni < 0.05) SWI signal decreases (see Fig. 6 ) in at least 8 (of 55) cortical regions.
Relation of neuroimaging changes to impact exposure
No individual regions exhibited a statistically significant relationship between impact history metrics and measures either of CBF or functional connectivity.
While there were no significant changes observed between the Pre and Post measures of within-network connectivity of the DMN, a statistically-significant (p < 0.002) linkage was observed wherein greater increases in DMN connectivity over the course of the season were found to be associated with athletes who experienced a broader/ higher distribution of per-practice-session impacts exceeding ≥80G, per the f-test.
On a global basis, the increase observed from Pre to Post in CBF was greater for athletes who experienced a broader/higher distribution of per-practice-session impacts ≥80G, per the f-test (p < 0.005).
Athletes who exhibited statistically significant numbers of regions with decreased SWI signal intensity were also found to have experi- 
Discussion
Due to the ongoing controversy regarding the effects of participation in high-collision sports, such as American football, on brain functional/structural and vascular integrity, this study contrasted neuroimaging-based measures of brain integrity obtained before and after a single season of NCAA Football Bowl Subdivision competition. Statistically-significant changes were observed (at Post, relative to Pre) in measures derived from multiple MRI modalities: CBF, rs-fMRI, and SWI. Critically, these changes were found to be greater in athletes who were more likely to have an impact history including larger average numbers of high-G impacts (≥ 80G) per monitored practice session. A linkage between exposure measures, particularly a measure previously suspected to be related to concussive injury and neuroimaging, observed changes occurring over the course of a competition season strongly suggests that even asymptomatic athletes are at potential risk of long-lasting changes to brain functional and structural integrity.
Impact history
The findings that during the preseason practices (a) athletes experienced more impacts on a per-session basis, and (b) were exposed to high-magnitude impacts at a higher-than-average rate, are consistent with multiple observations that most hits are experienced during the beginning of the season (Houck et al., 2016; Kerr et al., 2015) .
We also found that an athlete's impact exposure history was markedly dependent on the position played, with non-speed players (offensive and defensive lines) being again found to be at the greatest risk of accumulating large numbers of impacts of all magnitudes (Baugh et al., 2015; Crisco et al., 2010; Talavage et al., 2014) .
Neuroimaging assessment
MRI results derived from contrasting pre-and post-season scans revealed several findings of interest that further support the developing hypothesis that accumulation of subconcussive impacts can affect brain functional and structural integrity. These findings are in contrast to the clinical observation that all of the athletes participating in this study were "normal"-none of the players was diagnosed with a concussion during the season, as documented by medical records. In support of this clinical viewpoint, no change was observed between Pre and Post measurements from measures of gray matter integrity or white matter integrity. Conversely, changes that differ from the athletic training staff's perspective were observed in measurements of whole-brain resting-state functional connectivity, cerebral blood flow, and neurovascular integrity. Each of these measures is evaluated, below.
Gray Matter Integrity (No Change): While there have been reports of statistically-significant changes in gray matter volume (particularly in the area of the hippocampus) in athletes having a history of concussion (Meier et al., 2016) or who have played for an extensive period of time (Koerte et al., 2016) , it is not surprising that we did not find changes in regional cortical or subcortical volumes over the brief period of time represented by a single competition season of college football.
White matter integrity (no change)
No changes in DTI metrics were found in the players under study. This is not altogether surprising as there have been conflicting outcomes from multiple previous DTI studies (Hobbs et al., 2016; McAllister et al., 2014; Chun et al., 2015) . Further, in a previous combined fMRI/DTI study on a comparable population, no changes in DTI-assessed fractional anisotropy was observed in post-concussed athletes by 30 days post-injury . It should be noted, however, that the use of DTI for subjects exposed to cumulative subconcussive impacts is intriguing, because this modality is particularly sensitive to white matter changes and may have the potential to detect diffuse axonal injury that is known to occur in collision sports (Niogi and Mukherjee, 2010; Narayana et al., 2015) .
Resting-state-fMRI (change)
Whole-brain functional connectivity analysis revealed significant changes over the course of the competition season in the strength/ nature of connections to the right ICC, left ICC, and left hippocampus. In all cases, weak connections (weakly correlated) became more substantially anti-correlated.
Further, while no statistically-significant change between Pre and Post measurements was found in the strength of connections within the DMN, those variations present in the within-network correlations were, in fact, found to be significantly related to the likelihood of exposure of athletes to high-G impacts.
Although the functional connectivity of DMN was found to be altered in previous concussion studies (Slobounov et al., 2011; Johnson et al., 2012; Zhu et al., 2015) , we did not observe significant changes within DMN when contrasting Pre and Post findings. This observation is consistent with our previous report that DMN remained intact, despite the multiple high intensity collisions that asymptomatic players experience in a single rugby game (Johnson et al., 2014) . Similarly, in the sub-acute phase of concussive injury, connections within DMN were found to remain unaltered whereas the number and strength of functional connections between DMN and other regions in the brain were impaired after concussion .
However, the seed-based analyses revealed that some brain regions outside to the key regions of DMN were found to have changed from being weakly correlated regions within the DMN, to being substantially more anti-correlated. While the interpretation of this observation is not straightforward, it is reasonable to interpret this change of connectivity as a sign of recruiting additional neural resources during the postseason period to maintain normal resting brain operations. This hypothesis is consistent with previous findings obtained from longitudinal (within one season) analysis of high school football players by Abbas and colleagues (Abbas et al., 2015a (Abbas et al., , 2015b . Their findings included an initial drop in cortical connectivity to the DMN (posterior cingulate cortex seed region) during pre-season practices, followed by a gradual increase during the period of accumulation of blows.
In the high school athletes, connectivity appeared to peak late within, or at the end of, the competition season, with late-season drops in some populations hypothesized to be the result of an increase in practice and game intensity associated with the post-season football tournament. Specifically, the players observing a late-season drop in connectivity had experienced 40% of their impacts over the final 25% of the season. In the present study of collegiate football athletes, there was not a significant late-season increase in the intensity of practices (see Impact History Findings, above) and the post-season measurement was acquired almost immediately after the end of the football season, suggesting that it is likely to be comparable to the later in-season findings in the high school athletes who did not experience a large jump in practice intensity.
Cerebral blood flow (change)
A global increase in CBF was found in the cortex, with the magnitude of this increase greater in those athletes who were more likely to have experienced larger numbers of high-G (≥ 80G) impacts. The increase of global CBF observed after the football season may be an adaptive response of the brain, allowing it better to match CBF with changes in metabolic demand driven by the experience of multiple high-intensity impacts (Velarde et al., 1992) . An increase in metabolic demand would be consistent with prior findings in high school football and soccer athletes wherein decreases in the cerebrovascular response, a possible indicator of elevated resting metabolism was observed following repeated exposure to impacts Svaldi et al., 2016) . It should be noted, however, that in the case of diagnosed concussion injury, it is common for CBF to be reported as decreased (Bartnik-Olson et al., 2014; Maugans et al., 2012; Wang et al., 2015) , though these decreases have been observed to be transient, likely fading away within one month of the injury (Meier et al., 2016) .
Neurovascular integrity (change)
An arguably generalized decrease in SWI signal intensity was S.M. Slobounov et al. NeuroImage: Clinical 14 (2017) 708-718 observed for 6 of 18 athletes, with these athletes again demonstrating an impact history suggesting greater exposure to high-G impacts. Given that SWI has previously been demonstrated to be sensitive to the iron in ferritin, hemosiderin, and deoxyhemoglobin (Haacke et al., 2009a (Haacke et al., , 2009b , the observation of signal decreases is a marker for likely accumulation of blood outside the vasculature. In the case of vehicular accidents or other hemorrhagic events, the SWI-observed lesions tend to be quite focal and markedly contrast with the tissue around them (e.g., Mittal et al., 2009) . Therefore, it is unlikely that large scale vascular damage has occurred in these subjects. Rather, the observed linkage between the impact history and the presence of regions with decreased SWI signal intensity suggests those athletes who experienced a broader range of impacts (i.e., were more likely to experience high-G impacts) have suffered microhemorrhages. It remains to be investigated through longer-term and more longitudinal follow-up if such consequences of exposure to repetitive impacts are persistent or may be repaired by the body.
Implications and future work
It is increasingly apparent that a link exists between repetitive high intensity impacts in collision-based sports and the neuroimaging detection of short-and long-term consequences, independent of the presence of externally observable symptoms. The neuroimaging-based finding of post-season changes in cerebral blood flow, brain connectivity and the likely presence of microhemorrhages, all of which were found to be associated with greater levels of exposure to repetitive impacts, support our hypothesis that even a single season of NCAA Football Bowl Subdivision participation can induce pathophysiological changes in the brains of clinically asymptomatic athletes reminiscent of those previously documented in concussed athletes. Further, the changes observed in these college athletes are consistent with those previously reported in asymptomatic high school athletes, providing independent support for the argument that symptoms are not a necessary observation for the presence of changes in brain structural/ functional or vascular integrity. It yet remains to be explored whether these changes reflect compensatory adaptation to cumulative head 6 . Selected slices for Subject 6 (a defensive back) with an overlay highlighting those voxels in which SWI signal decreases were observed at Post, relative to Pre. Highlighted voxels belong to several of the 10 regions in this subject found to be statistically-significantly decreased (see Fig. 5 ; Wilcoxon Rank Sum test at the p Uncorrected < 0.00005 level, corresponding to p Bonferroni < 0.05), with the saturation of the color reflecting the change measure in the given voxel.
impacts over the single football season, more long-lasting or permanent alteration of brain health.
Tracking players at risk for concussive and subconcussive injury throughout their collegiate career and beyond, via longitudinal multimodal imaging studies, could provide more insight into the long-term consequences of repetitive impacts on physiological changes. The present study has explored a relatively small cohort of collegiate football players; however, findings were consistent with multiple studies in asymptomatic high school athletes, and with studies of concussed collegiate athletes, increasing confidence in their validity. Future studies directed at longitudinal tracking of the development of neuroimaging-detected changes as a function of exposure to impacts, and which incorporate more physiological and possibly genetic features, appear promising as a means to develop prevention strategies for protecting athletes at risk for brain injuries.
The finding of increased resting cerebral blood flow in athletes following a prolonged period of repeated exposure to high magnitude impacts would argue that a relatively static state of increased metabolism has been introduced. This increase in resting CBF is consistent with findings of decreased cerebrovascular reactivity in high school athletes (Svaldi et al., , 2016 . A decrease in reactivity under hypercapnic conditions could most simply arise from a decreased available dynamic range for blood flow. The finding of increased resting CBF is expected to lead to a reduction in the dynamic range available under fMRI, and would thus be expected to produce smaller BOLD fluctuations. Reduced BOLD fluctuations would then be expected to produce a decrease in the spatial extent of the observed DMN connectivity (assuming the measurement noise floor remains relatively constant across imaging sessions)-an observation previously reported in a variety of nonconcussed athletes (Johnson et al., 2014; Abbas et al., 2015c) . While a decrease in DMN connectivity was not observed in this work, increases the strength of (anti-)correlation with the DMN were observed for multiple inferior regions of the brain, a finding that is supported by preliminary findings in high school athletes that asymptomatic individuals having previously been diagnosed with a concussion exhibited a greater strength of correlation than did athletes without a history of prior concussion (Abbas et al., 2015c) . Overall, this ensemble of findings argues that changes observed via neuroimaging in athletes exposed to repeated subconcussive impacts are most likely to originate at the level of the neurovascular coupling, suggesting either physical disruption at the capillary level (or some level below the resolution of the imaging methodology) or disruption of the signaling networks by which cerebral blood flow is regulated.
Conclusion
In a study of clinically asymptomatic collegiate football athletes, statistically-significant MRI changes were observed that are likely a consequence of participation for one season at the NCAA Football Bowl Subdivision level. Specifically, these changes (at Post, relative to Pre) were found in measures derived from multiple MRI modalities: CBF, rs-fMRI, and SWI. Critically, these changes were greater in athletes who were more likely to have an impact history including larger average numbers of high-G impacts (≥80G). A linkage between high intensity impacts and neuroimaging-observed changes adds to the growing literature in support of the hypothesis that collision-sport athletes may be at increased risk of long-lasting changes to brain functional and structural integrity. Future work in larger cohorts and involving a broader array of integrated biomarkers will enable more precise identification of athletes who are at risk, and will facilitate development of intervention strategies to permit collision-sport participation with reduced risk.
